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In the yeast Saccharomyces cerevisiae, Ras-cAMP signaling coor-
dinates cell growth and proliferation with nutritional sensing [1].
During the exponential phase, the cAMP/PKA (protein kinase A)
pathway down regulates glycogen accumulation, stress resistance
[2], and expression of STRE controlled genes [3]. The cAMP/PKA
pathway is also essential for cell cycle progression at G1 or G0 with
a modulation of the critical cell size required both for budding and
for mitosis [4]. The Ras/cAMP/PKA pathway has also been impli-
cated in aging [5], bud site selection, actin repolarization [6], and
sporulation [7].
Mutations causing either reduced or elevated PKA activity cause
a pleiotropic phenotype. Cells with high PKA activity fail to sporu-
late, to arrest properly in G1, to survive prolonger starvation, to
accumulate glycogen, and to become heat shock resistant [8].
The cAMP/PKA signaling pathway is tightly regulated. Adenylate
cyclase (Cyr1) catalyses the synthesis of cAMP and it is activated
by the small GTPases Ras1 and Ras2 [9]. Ras1 and Ras2 are essen-
tial element for adenylate cyclase Activity [8], they were positively
controlled by the guanine nucleotide exchange factors Cdc25 and
Sdc25 (to be on active Ras-GTP binding state) [10], and negatively
regulated by the two GTPase activating proteins Ira1p and Ira2p (tochemical Societies. Published by E
t.edu.cn (B. Xiaojia).be on inactive Ras-GDP binding state) [11]. cAMP activates the
cAMP-dependent protein kinase encoded by TPK1, TPK2 and TPK3
[12] through binding to the regulatory subunit of the kinase (en-
coded by BCY1) [13]. The enzymatic breakdown of intracellular
cAMP is accomplished by the activity of cAMP phosphodiesterases.
PDE1 and PDE2 together encode all phosphodiesterase activity
detectable in S. cerevisiae cells [14,15]. Adenylate cyclase activity
is also positively modulated by the heterotrimeric GTPase subunit
Gpa2 and the cognate receptor Gpr1 [16]. Intracellular acidiﬁcation
or addition of glucose or a related fermentable sugar to starved S.
cerevisiae cells causes a rapid and transient increase in cAMP levels
[17].
Intracellular cAMP levels in yeast are subject to stringent neg-
ative feedback regulation by protein kinase A since the level of
cAMP in yeast cells can be modulated over at least a 10 000-fold
range, simply by genetically manipulating the activity of PKA
[18,19]. In principle, feedback-control of intracellular cAMP accu-
mulation can occur either at the level of cAMP synthesis or at the
level of cAMP degradation or both. The only target of PKA conclu-
sively identiﬁed so far is the low-afﬁnity cAMP phosphodiester-
ase Pde1 in terms of feedback regulation of the Ras-cAMP
pathway [20]. In the present study, we investigated the possible
role of Ras2p in the feedback regulation of the Ras-cAMP path-
way. Data presented here suggested that the serine214 residue
of Ras2p plays an important role in mediating PKA-governed
feedback inhibition of the Ras-cAMP pathway in the yeast S.
cerevisiae.lsevier B.V. All rights reserved.
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2.1. Media, growth conditions and general methods
Yeast strains were grown at 30 C in liquid synthetic medium
(contained 0.67% yeast nitrogen base and supplemented with the
appropriate auxotrophic requirements) lacking tryptophan or ura-
cil to select for plasmid maintenance. Either 2% glucose (SDglu-
cose), or 3% glycerol (SDglycerol) plus 0.1% glucose, was
supplemented as the carbon source where indicated. Escherichia
coli TOP10 F’ was used to propagate plasmids. E. coli BL21 was used
to express GST–RBD fusion protein. E. coli cells were cultured in
Luria–Bertani medium and transformed to ampicillin resistance
by standard methods. Yeast transformations were performed by
the lithium acetate method [21].
2.2. Strain and plasmids
The S. cerevisiae strains used in the present study were deriva-
tives of W303-1A (MATa ade2 trp1 his3 can1 ura3 leu2). The ra-
s2::LEU2 deletion cassette was obtained by PCR ampliﬁcation of
the LEU2 gene on the plasmid YEplac181 by using primer pair
KRAS2-U (50-TAACCGTTTTCGAATTGAAAGGAGATATACAGAAAA
AAAAGGGTTATTGTCTCATGAGCG-30, the underlined sequence cor-
responding to 40 to 1 of 50 non-coding sequence of RAS2) and
KRAS2-D (50-TTCTTTTCGTCTTAGCGTTTCTACAACTATTTCCTTTTTA
GTTCTATATGCTGCCACTCC-30, the underlined sequence corre-
sponding to 1009–970 of 30 non-coding sequence of RAS2). The
cassette was then used to delete the open reading frame of RAS2
in the W303-1A strain by one step gene replacement procedure
to create the RAS2 deletion strain BXJ611-A (MATa ras2::LEU2
ade2 trp1 his3 can1 ura3). The correct deletion for strain BXJ611-
A was veriﬁed by PCR and phenotypic analysis. For construction
of ras2D strain with constitutive low PKA activity, BXJ611-A and
HY205 [22] (MATa tpk1w1 tpk2D:: HIS3 tpk3D::TRP1 ade2 can1
ura3 leu2) were mated and the resulting diploid cells were sporu-
lated and then dissected. A haploid progeny with the desired geno-
type (MATa ras2::LEU2 tpk1w1 tpk2D::HIS3 tpk3D::TRP1 ade2 can1
ura3) was obtained and designated as BXJ620-A. The correct geno-
type for strain BXJ620-A was veriﬁed by PCR.
The vector YCplac22 was used for the construction of new plas-
mid. The RAS2 sequence from 895 bp (ATG start codon = +1) of 50
non-coding sequence to 2139 bp was ampliﬁed from yeast geno-
mic DNA using primer pair RAS2-F (50-CGCAGACTGTGAGCTA
GAAT-30) and RAS2-R (50-TTGAATTTCATTTCGTGTGAT-30). There
exists naturally a XbaI site (643 to 638) and an EcoRI site
(1907–1912) at each side of the resulting 3035 bp PCR product,
respectively. The PCR product was puriﬁed and XbaI–EcoRI di-
gested generating a 2555 bp fragment (including the whole RAS2
ORF, together with its upstream promoter and downstream termi-
nator, 643 to 1912), then the 2.5 Kb fragment was inserted in the
same XbaI–EcoRI digested plasmid YCplac22, creating YCplac22-
RAS2. This plasmid was then linearized by HpaI (42 to 37, and
1120–1125, two sites) and then transformed into W303-1A to
clone RAS2 by gap-repair. The resulting gap-repaired plasmid was
denominated YCpRAS2. The Ras2ala214 allele was constructed by
PCR-mediated site-directed mutagenesis. Oligo primers R2-214-F
(50-TAGCGGTGGCCACAGGAAGATGGCTAATGCTGCCAACGGT-30,
618–657, the underlined GCT mutation was used to make the
ser214ala of Ras2p) and R2-214-R (50-TCCTTTACCCGGCAACCAT-
30, 1168–1150) was used to amplify a 551 bp PCR fragment of
RAS2 gene (MscI, 624–629; NdeI, 1147–1152). The resulting PCR
product was MscI–NdeI digested and cloned in between the corre-
sponding sites of YCpRAS2 creating the YCpras2ala214 allele. YC-
pRAS2 was XbaI–EcoRI digested and the 2.5 Kb fragment was
inserted in the same XbaI–EcoRI digested plasmid YCplac33, gener-ating YCpU-RAS2. YCpU-ras2ala214 is generated in the same way
with YCpras2ala214 and YCplac33. The constructed plasmids were
sequenced conﬁrming either the exact nucleotide of RAS2 gene
or the nucleotide change causing the ser214ala mutations as the
only indicated nucleotide change.
2.3. Determination of heat shock resistance
Analysis of heat shock sensitivity was performed by growing
strains in liquid SDglucose medium at 30 C into the exponential
phase (OD660 = 1–1.5). The density of the culture was adjusted to
OD660 = 1 before the heat shock was performed. The cell suspen-
sion was heat shocked for 3 min at 52 C in a water bath. A series
of dilutions of treated and untreated cells was spotted or spread
on SDglucose plate lacking tryptophan, incubated for 2–3 d at
30 C, and then photographed and scored for growth. Percentage
survival from heat shock was calculated by comparing the num-
ber of colonies arising from treated cells to that of untreated
cells.
2.4. Comparison of storage glycogen
The strain to be tested were incubated in liquid SDglucose med-
ium until the exponential phase and collected by ﬁltration. The ﬁl-
ter papers with cells on it were adhered to the surface of agar plate
(1.5% agar) while cells were exposed to air. Then the cells were ex-
posed to iodine vapor by inverting the agar plate with cells above
iodine pellet.
2.5. Determination of cAMP
For determination of the intracellular cAMP responses, expo-
nentially growing cells (in liquid SDglycerol medium, OD660 = 1.5)
were harvested by centrifugation at 4 C (3800 rpm), washed and
resuspended in ice-cold SD-complete medium without carbon
source at a density of 75 mg per 2 ml (wet weight, 108 cells/ml).
The cell suspension was incubated at 0 C for 30 min and then at
30 C for 20 min. Subsequently, 100 mM glucose was added as
indicated. Samples containing 75 mg of cells were collected by ﬁl-
tration on nitrocellulose ﬁlters and immediately quenched into li-
quid nitrogen. After addition of 1 ml of ice-cold perchloric acid,
cells together with the nitrocellulose were disrupted with 200 ll
of glass beads (0.75 mm, Sigma) in a Fastprep instrument. Cleared
supernatant was used to determine cAMP with the cyclic AMP [3H]
determination box according to the manufacturer (Amersham Co.
Ltd.) in a liquid scintillation counter instrument (Beckman).
2.6. Determination of the Ras2-GTP/total Ras2 ratio in vivo
Determination of the ratio Ras2-GTP/total Ras2 was performed
essentially as described by Rudoni et al. [23]. This assay exploits
the known speciﬁcity of the interaction between Ras-GTP and
the RBD of Raf-1 to detect activated Ras [24]. Cells were collected
by centrifugation and resuspended in ice-cold lysis buffer, dis-
rupted with glass beads (0.75 mm, Sigma) in a Fastprep instru-
ment. Cleared supernatant was analyzed by the Bio-Rad protein
assay kit to determine protein concentration and then 200 lg of to-
tal protein was incubated with 20 ll of bed volume of glutathione
S-transferase GST–RBD fusion protein pre-bound to glutathione-
Sepharose overnight at 4 C. Bound Ras2-GTP proteins were eluted
with 2SDS sample buffer, separated by SDS–PAGE, immunodeco-
rated with anti-Ras2 polyclonal antibodies (SC-6759, Santa Cruz
Biotechnology). Total Ras2 protein was detected in cleared lysate
by Western blotting using the same anti-Ras2 antibodies. The ra-
tios of Ras2-GTP/total Ras2 were determined by densitometric
analysis (Scion-Image software).
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are reported in the ﬁgures. In our experimental conditions, anti-
Ras2 antibodies recognize yeast Ras2 protein in a speciﬁc way,
and only the GTP bond Ras2p can be detected by GST–RBD afﬁnity
precipitated (date not shown).
3. Result
3.1. The ser214ala mutation of Ras2p resulted in reduced resistance to
heat shock
It is known that yeast strain with higher PKA activity of the
cAMP pathway had reduced heat resistance [8]. We ﬁrst analyzed
heat shock resistance of strain BXJ611-A carrying either the YCpra-
s2ala214 plasmid or the YCpRAS2 plasmid. Fig. 1 showed that the ra-
s2ala214 expressing cells displayed a reduced heat shock resistance
compared to cells expressing RAS2. The relative survival rate for
the mutant was 39.5% that of the wild type in the quantitative as-
say, suggesting that substitution of alanine for serine 214 of the
Ras2 protein, which eliminates the most preferred PKA phosphor-Fig. 1. Heat shock resistance of strains carrying different alleles of the RAS2 genes.
(A) Heat treated and untreated cells of BXJ611-A with YCpRAS2 or YCpras2ala214
were serially diluted with a factor of 10, respectively. (B) Relative survival rate (%)
calculated by comparing the number of colonies arising from treated cells to that of
untreated cells.
Fig. 2. Difference in glycogen content between strain BXJ611-A carrying YCpRAS2
or YCpras2ala214.ylation site, might enhances the basal level cAMP and, conse-
quently, increased the activity of PKA.
3.2. Ras2ala214p reduced the levels of storage glycogen
It is known that the level of storage glycogen in S. cerevisiae
was proportional to the activity of PKA in a reverse manner
[2]. We therefore tested the level of storage glycogen in cells
carrying YCpRAS2 or YCpras2ala214. As shown in Fig. 2, cells carrying
YCpras2ala214 exhibited lighter color compared to cells carrying
YCpRAS2 after being exposed to iodine vapor, suggesting an en-
hanced PKA activity in the mutant cells. This result further pointed
that the serine 214 residue might has a role in the down-regulation
of the Ras-cAMP pathway via PKA phosphorylation.
3.3. Ras2ala214p caused higher levels of both basal and glucose-induced
cAMP signal compared to wild type cell
To check whether the observed high PKA phenotype exhibited
by the mutant cells was mediated by an elevated intracellular
cAMP level, we measured both glucose-induced cAMP signaling
and the basal level of cAMP in wild type and the mutant cells. As
shown in Fig. 3A, the glucose-induced cAMP signaling was faster
and stronger in cells bearing YCpras2ala214 compared to that of cells
carrying YCpRAS2. The basal level of cAMP in the mutant cells was
70% higher than that of the wild type cells (Fig. 3B). This result
indicated that the enhanced PKA activity in the Ras2ala214 express-
ing strain was caused by a higher level of cAMP in the cells,Fig. 3. cAMP assay in wild type and mutant cells. (A) Intracellular cAMP levels as a
function of time after addition of 100mM glucose to derepressed cells of BXJ611-A
carrying YCpRAS2 () or YCpras2ala214 (d). (B) Basal level of cAMP in exponentially
growing cells (6  106 cells/ml) carrying YCpRAS2 or YCpras2ala214 in glycerol
containing medium.
Fig. 5. Effect of ser214ala mutation on Ras2-GTP Loading in a TPK attenuated strain.
Exponentially growing cells of BXJ620-A carrying YCpU-RAS2 or YCpU-ras2ala214
(6  106 cells/ml) in SD medium supplied with either 2% glucose, or 3% glycerol
(plus 0.1% glucose) were collected for Ras2-GDP loading assay. (A) Immunoblots of
Ras2 bound to GST–RBD eluted with SDS–PAGE sample buffer (level of Ras2-GTP).
(B) Immunoblots of Ras2 in cell lysate (total Ras2 level). (C) Ras2-GTP/total Ras2 (%)
of cells incubated in different carbon source.
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phorylation site might release the protein from phosphorylation-
mediated inhibition by PKA.
It has been reported that activation of cAMP synthesis in yeast
cells in response to glucose was mediated through the Gpr1–Gpa2
system though the involvement of Ras proteins in glucose-induced
activation of cAMP signaling was not ruled out [16]. Our result
suggested that the regulation of both cAMP signaling induced by
glucose and the basal level of cAMP in cells growing on non-
fermentable carbon sources requires a functional Ras2p and the
serine214 residue might be the ﬁrst target site for feedback inhibi-
tion of cAMP accumulation by PKA.
3.4. Ras2ala214p had a higher GTP-binding capability than wild type
Ras2p
To examine whether the feedback-inhibition on cAMP accumu-
lation by PKA phosphorylation of the serine 214 alters the GTP
loading capacity of Ras2p, we measured the Ras2-GTP/total Ras2
ratio in the wild type strain and the Ras2ala214 strain growing expo-
nentially in both glucose and glycerol medium. The result pre-
sented in Fig. 4 showed that the amount of total Ras2 protein
was not affected by the mutation, but the mutant showed a higher
Ras2-GTP/total Ras2 ratio than the wild type. This results sug-
gested that phosphorylation of Ras2p on serine 214 by PKA was
important for the down-regulation of Ras2p activity.
3.5. The effect of Ras2ala214p on the GTP loading state of Ras2p depends
on PKA activity
If the effect of the substitution of alanine for serine 214 on
Ras2p GTP loading capacity was due to the lack of phosphorylation
of serine 214 by PKA, such an effect should not be observed in cells
with greatly resuced PKA activity. To verify this, we measuredFig. 4. Effect of ser214ala mutation on Ras2-GTP Loading. Exponentially growing
cells of BXJ611-A carrying carrying YCpRAS2 or YCpras2ala214 (6  106 cells/ml) in SD
medium supplied with either 2% glucose, or 3% glycerol (plus 0.1% glucose) were
collected for Ras2-GDP loading assay. (A) Immunoblots of Ras2 bound to GST–RBD
eluted with SDS–PAGE sample buffer (level of Ras2-GTP). (B) Immunoblots of Ras2
in cell lysate (total Ras2 level). (C) Ras2-GTP/total Ras2 (%) of cells incubated in
different carbon source.Ras2-GTP loading states in a TPK attenuated strain (BXJ620-A)
expressing either the wild type Ras2 or the mutant one. As shown
in Fig. 5, consistent with the previous study, the Ras2-GTP/total
Ras2 ratio were much higher for both Ras2p and Ras2ala214p. On
the other hand, the GTP loading states of the Ras2p expressing
strain and the Ras2ala214 expressing strain were indistinguishable
both in glucose medium and in glycerol medium, demonstrating
the involvement of the serine 214 residue of Ras2p in the PKA-
governed feedback regulation of the Ras-cAMP pathway.
4. Discussion
It has been reported that both Ras1 and Ras2 proteins are phos-
phorylated in vivo [25,26]. Puriﬁed Ras2 protein could be phos-
phorylated in vitro by mammalian protein kinase A and the
capacity of the phosphorylated Ras2 protein to activate adenylate
cyclase was diminished by 40–60% [27]. In another study, the most
preferred PKA phosphorylation site was identiﬁed as the serine 214
residue although the authors failed to relate phosphorylation of
serine 214 to the feedback inhibition [28]. In the present study,
we showed that substitution of alanine for serine 214 on Ras2p
caused enhanced PKA activity, elevated basal level of cAMP and en-
hanced induction of cAMP signaling by glucose. In addition, with
the highly sensitive non-radio isotopic pull-down assay developed
by Colombo et al. [29], we detected a PKA-dependent higher ratio
of Ras2-GTP/total Ras2 in the Ras2ala214 expressing strain, suggest-
ing that phosphorylation of serine 214 by PKA might be one of the
feedback inhibition mechanism governed by PKA.
At ﬁrst glance, the increase in the basal level of cAMP in cells
carrying the mutant Ras2p presented in Fig. 3 does not seem to be
very much. However, considering that expression of the constitutive
active Ras2val19 or deletion of both cAMP phosphodiesterase-encoding
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basal cAMP and that overexpression of the Gpa2 G alpha protein
resulted in less than 50% increase in the basal cAMP level
[16,20,30], we believe that a 70% increase in the basal level of
cAMP displayed by the mutant is rather signiﬁcant. It is note
worthy that the importance of the role played by a component of
the Ras-cAMP pathway in the feedback regulation should not be
judged simply on bases of the phenotypes showed by the mutant
that no longer under the control of feedback inhibition, because
it is well known that many components of the Ras-cAMP pathway
are involved in feedback inhibition. An increase in PKA activity
resulted from the loss of feedback control on one component of
the pathway will lead to a stronger inhibition of other components
of the pathway and therefore reduce the signiﬁcance of the differ-
ences between the mutant and the wild type.
It is interesting to note that both the Ras2 expressing strain and
the Ras2ala214 strain had a higher level of Ras2-GTP loading on glyc-
erol rather than on glucose. This is consistent with the previous
study showing that a higher level of cAMP was transient and only
associated with the initiation of exponential growth in cells grow-
ing in glucose medium compared to cells growing in glycerol med-
ium [31]. It is well known that the Ras-cAMP pathway is repressed
by glucose and the high PKA phenotype exhibited by cells growing
on glucose was due to cAMP-independent activation of an alterna-
tive pathway, the fermentable growth medium-induced (FGM)
pathway, which has an overlapping function with the Ras-cAMP
pathway [1,17,32]. It was also suggested that, in cells growing on
glucose, the FGM pathway inhibited PKA activity [33]. Therefore,
the reduced Ras2-GTP loading in glucose-growing cells compared
to glycerol growing cells observed in the present study might mir-
ror either the glucose repressible nature of the Ras-cAMP pathway
or the reduced activity of PKA resulted from direct inhibition of
PKA by the FGM pathway or both.
Whistler and Rine described the promiscuous phosphorylation
of Ras2 on nearby serine residues when the serine 214 was mu-
tated to alanine [28]. They also ruled out all other serine residues
on Ras2p as a phosphorylation site by mass spectrometry analysis
and site-directed mutagenesis when the serine 214 was present. In
another study, it had been demonstrated that Ras2p was phos-
phorylated exclusively on serine residues [26]. These data demon-
strated that serine 214 was the only phosphorylation site in wild
type cells. We do not know at present whether the promiscuous
phosphorylation of Ras2 on the nearby serine residues when the
serine 214 was mutated to alanine was a rescue action of cells to
compensate the loss of feedback control of Ras2p or simply an arti-
ﬁcial effect resulted from overexpression of Ras2p in their study.
We also don’t know whether the mis-placed phosphorylation
could cause an altered interaction of Ras2(ala214) with adenylate
cyclase, or Cdc25, or Ira proteins. However, the importance of ser-
ine 214 phosphorylation by PKA in the down regulation of Ras2p is
obvious.
At present, we do not know how phosphorylation of serine 214
affects Ras2 GTP binding capacity. One might hypothesize that this
phosphorylation may alters the conﬁrmation of the Ras2 protein
and, as a consequence, a reduced interaction of Ras2p with the
Cdc25 GEF, an enhanced interaction Ras2p with the Ira proteins
and/or an increase in the intrinsic GTPase activity of Ras2p. All
these possible mechanisms await further investigation.
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